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of toxicants on algal photosynthetic rates
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Introduction

Concern over environmental perturbations has resulted in the
search for methods of evaluating the effects of introducing
substances to aquatic systems that may disrupt the equilibrium of
those systems. The response of organisms to pollutants (excessive
nutrients or toxic substances) is central to the disruption of
equilibria and it is because of this that bioassays are used to
evaluate the effects of pollutants.

In algal suspensions, changes in the dissolved oxygen
concentration could be brought about either by photosynthetic
evolution or respiratory depletion. From these changes two
completely different metabolic pathways could be used in toxicity
studies, i.e. photosynthesis or respiration. Hostetter (1976)
developed a rapid bioassay sensitive to nutrients and the presence
of toxic substances using a Clark-type oxygen electrode and a
reaction chamber containing the water to be tested and the test
organism. The rate of net photosynthesis as oxygen production
was determined with this method. A prerequisite of such a
method is that it is essential to reproduce the experimental
conditions. Reproducing experimental conditions implies precise
control of environmental conditions such as temperature and the
light field, together with a rapid, reproducible, assessment of O,-
evolution. Clark-type O,-electrodes offer advantages over other
methods in that they allow for continuous measurements of
oxygen production or consumption (Dubinsky et al., 1987). Net
photosynthesis could be inhibited by toxic concentrations of
substances.

In this study, results are presented where the oxygen chamber,
as described by Dubinsky et al. (1987), was used to measure the
possible effects of selected toxic substances namely; copper,
cadmium, mercury, atrazine, gusathion and phenol (Table 1) on
net photosynthetic rates as determined from oxygen liberation.
The oxygen evolution assay may be useful as a rapid preliminary
screening bioassay for determining which chemicals should
undergo further testing.
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TABLE1
TOXIC COMPOUNDS AND THEIR CONCENTRATIONS
USED IN THE TESTS

Concentration
Compound (mg-£Y)
Cadmium 0.005, 0.01, 0.05, 0.1, 0.25 and 0.5
Copper 0.01, 0.02, 0.2, 0.5, 1 and 2
Mercury 0.005, 0.01, 0.02, 0.05, 0.1 and 0.2
Atrazine 0.005, 0.05, 0.5, 1, 5 and 10

(an organochloride)
Gusathion or
Azinphos-methyl

(an organophosphate)
Phenol

0.00001, 0.0001, 0.001, 0.01, 0.1 and 1

0.01, 0.1, 1, 10, 100 and 200

Material and methods

Unialgal cultures of Selenastrum capricornutum (CCAP 278/4)
and Chlorella vulgaris (CCAP 211/12) were obtained from the
Culture Collection of Algae and Protozoa (CCAP), Natural
Environment Research Council, Cambridge, UK (now at the
Institute of Freshwater Ecology, Far Sawrey, near Ambleside,
UK). The reason for selecting these algae was that they maintain
unicellularity throughout their life cycles which makes them
suitable for cell counting using electronic particle counters. The
algae were grown in synthetic algal nutrient medium (SANM),
(Miller et al., 1978).

Semi-continuous cultures were maintained in a Conviron
Model E7H (Controlled Environments, Winnipeg, Canada) growth
cabinet at 23 + 2°C. Continuous light was supplied at 300 pmol
quanta-m?2s by cool white fluorescent tubes and incandescent
lamps arranged alongside and above cultures. Cells in the
exponential growth phase (about 10* cells-m¢") were used in the
experiments. The exponential growth phase i.e. three days after
inoculation, was determined from a graphical plot of daily cell
counts, measured with an electronic particle counter, Coulter
Multisizer II (Coulter Electronics, England).

The experimental set-up was the same as described by
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Figure 1
Dose-response curves of algae exposed to different
concentrations of copper. Oxygen-evolution was used as
response variable and measured within 30 min of
exposure to the toxin.
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Figure 2
Dose-response curves of algae exposed to different
concentrations of cadmium. Oxygen-evolution was used
as response variable and measured within 30 min of
exposure to the toxin.

Dubinsky et al. (1987). The O,-chamber was irradiated from the
front using an ordinary 35 mm slide projector. The measurements
were all done at an irradiance equal to I, which is the irradiance
at the onset of light saturation during photosynthesis.

I, was calculated from P/I curves determined prior to the
toxicity tests and varied between 250 to 320 umol quanta-m™s™.
Different irradiancies (I) were brought about by selecting neutral
density filters placed between the projector and the chamber.
Irradiance measurements were taken with a Li-Cor Quantum
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Figure 3
Dose-response curves of algae exposed to different
concentrations o1 mercury. Oxygen-evolution was used
as response variable and measured within 30 min of
exposure to the toxin.

Meter, Model LI-185B equipped with a LI-190SB quantum
sensor placed at the rear of the chamber. The oxygen rates (as
pg O,-ug chl a'-mir ') that were calculated from recorder traces
were taken as (P) ad plotted against the irradiancies and from
these plots I was d:termined.

A single measur>ment at a specific irradiance is desirable for
the purpose of toxicity tests because of the time constraints of
most other tests. Following this approach, a sample could be
tested in 30 min. 1_was chosen because this is the irradiance
where a transition takes place from light limited to light saturated
growth. We reasoned that any factor which could affect
photosynthesis wou d be clearly seen at this irradiance level.

Algal samples w ere injected into the chamber through a hole
at the top, that was ::losed with a pierced PVC screw cap during
measurements. Toxic substances (Table 1) were injected, during
incubation, through ‘he 1 mm diameter capillary in the screw cap.
[ncubation time was 30 min for all treatments. The samples were
mixed by means of .1 glass-covered magnetic spinbar driven by a
magnetic stirrer. Oxygen was measured with a Clark-type
electrode mounted ia the side of the cuvet so that the membrane
covered end just extended into the chamber. This system was
calibrated once a da/ against distilled water air equilibrated at the
experimental tempcrature, and against a zero oxygen solution
(saturated Na, SO, solution). The span in mV between zero
oxygen (0% O,) and air-saturated water (100% O,) was measured
at the experimental temperature and used in the calculations.
These changes in C, concentration were recorded on a Graphic
1002 Y/t chart reccrder (Lloyd Instruments, Southampton) and
expressed as mV-min'. The mV-min™ values were converted into
ug O,¢"min”' by means of calibration values and into pg O,-lug
chl ¢'‘min’' by diviling the oxygen rates with the chlorophyll a
content (Lg chla-¢*) and this value was then taken as the measured
response for comparative purposes. The chlorophyll a content
was determined anc calculated by extracting chlorophyll ¢ with
96% ethanol as described by Sartory and Grobbelaar (1984). The
results were expressed as a response relative to the control



Figure 4
Dose-response curves of algae exposed
to different concentrations of atrazine.
Oxygen-evolution was used as response
variable and measured within 30 min of
exposure to the toxin.

Figure 5
Dose-response curves of algae exposed
to different concentrations of phenol.
Oxygen-evolution was used as response
variable and measured within 30 min of
exposure to the toxin.

response, after calculation of dilution factors brought about by
the addition of toxins directly to the sample. Dose-response
curves were obtained from non-linear least square fits of the
relative response values using a four-parameter logistic equation.
EC-values were calculated from these non-linear fits by using the
inverse of the regression curve according to Van der Heever and
Grobbelaar (1996).

Results

An initial stimulative response in oxygen evolution rate (Fig. 1)
of 10% and 5% (relative response of 1.1 and 1.05 respectively)
was evident for C. vulgaris and for S. capricornutum which were
measured at low concentrations (0.01 mg-£") respectively. After
the initial stimulatory response a decline to 0.97 occurred with a
doubling of copper concentration from 0.01 to 0.02 mg¢'. A
further tenfold increase in the copper concentration resulted in a
relative response value of 0.92. At higher concentrations of 0.2
to 2 mg-£* copper, there was only a 3% increase in response (0.90
to 0.87). The response of both species to copper was almost
identical for the concentration range tested.

The effect of different concentrations of cadmium on oxygen
evolution over an exposure period of 30 min to the heavy metal
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is shown in Fig. 2. No initial stimulation was seen at the low
concentrations as was the case with copper dosages (Fig. 1).
From an initial zero inhibition (1.0 relative response) at low
concentrations ranging from 0.005 to 0.05 mg¢!', C. vulgaris
exhibited a sharp inhibition of almost 25% (relative response
change of 0.25 from 1.0 to almost 0.75) when the concentration
of cadmium was doubled to 0.1 mg¢'. Selenastrum capricor-
nutum, at this same concentration, only experienced a 10 %
inhibition. With a two-and-a-half-fold increase in the cadmium
concentration to 0.25 mg-£', the inhibition increased with a
further 10% and 5% for C. vulgaris and for S. capricornutum
respectively, after which the inhibition remained constant at a
relative response of 0.65 (35% inhibition) and 0.85 (15%
inhibition) respectively for C. vulgaris and for S. capricornutum
at higher concentrations (0.25 and 0.5 mg-£' cadmium).
Treatment of algal suspensions with mercury revealed that
(Fig. 3) from an initial stimulation of 18% at low concentrations
of 0.005 mg-£! mercury for S. capricornutum, a linear relationship
(r* =0.9895) between log concentration and relative response was
observed. An increase from 0.005 to 0.5 mg-£' mercury resulted
in a decrease in the relative response range of 1.2 to 0.5 (20%
stimulation to 50% inhibition). Chlorella vulgaris responded in
a similar fashion except for stimulations at low concentrations
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TABLE 2

SUMMARY OF THE RESULTS FROM O,-EVOLUTION TOXICITY EXPERIMENTS
EXPRESSED AS EC VALUES INmg-¢*

S. capricornutum C. vulgaris

Compound

EC,, EC,, EC,, EC,, EC,, EC,,
Copper 0.280 *nr nr 0.147 nr nr
Cadmium 0.100 nr nr 0.072 nr nr
Mercury 0.021 nr nr 0.03) nr nr
Atrazine 0.031 0.222 0.751 0.085 0.305 0.433
Gusathion nr nr nr nr nr nr
Phenol 0.076 nr nr 0.143 nr nr

*nr = no response

(0.005 to 0.2 mgL!' mercury).

Figure 4 shows an inverse sigmoidal dose-response curve for
atrazine. This means that at low concentrations of 0.005 and 0.05
mg-£! the algae were unaffected. After this initial “no effects”
phase there was an exponential inhibitory response which
eventually ended in a constant phase at high concentrations (5 and
10 mg-£!) where no further increase in inhibition was seen. The
relative response of S. capricornutum ranged from 1 to 0 (i.e. 0%
inhibition to 100% inhibition) whereas for C. vulgaris it ranged
from 1 to almost -1 (i.e. O to 200% inhibition).

The organophosphate gusathion had no effect on the oxygen
evolution. Shown in Fig. 5 is the effect which phenol had on the
oxygen evolution of S. capricornutum and C. vulgaris. No
inhibition was seen for S. capricornutum at a low concentration
of 0.01 mg¢' whereafter it increased to a concentration of
1 mg-¢'. The inhibition remained constant at a relative response
of 0.7 for concentrations of 1 to 200 rag¢' phenol. Chlorelia
vulgaris also exhibit an exponential decline (increase in inhibition)
at low concentrations dosages, but the only difference is that this
stabilised at 1 mg-£' and higher. The maximum inhibition of 30%
was the same for both algae.

Discussion

The results clearly show that oxygen production, as measured in
the oxygen electrode chamber, was affected by some of the
compounds tested for their potential toxicity. EC,, and EC,
values could only be calculated for atrazine and mercury within
the concentration ranges tested. From the EC,  values it can be
seen that S. capricornutum is more sensitive to atrazine and
phenol than C. vuigaris (Figs. 4 and 5; Table 2). Chlorella
vulgaris on the other hand is more sensitive than S. capricornutum
to copper and cadmium (Figs. 1 and 2; Table 2) at EC | level.
The greater inhibition, as caused by Hg compared to Cu and
Cd, can be ascribed to the interruption of electron flow by Hg at
multiple sites such as plastocyanin (Katoh and Takamiya, 1964),
the reaction centre of photosystem I (Kojima et al., 1987) and iron
sulphur centres (Gelbeck et al., 1977). Tt is also known that the
multiple effects of mercury arise from its interaction with the
sulphydryl groups of protein (Passow et al., 1961). According to
Shioi et al. (1978) copper directly inactivated the ferredoxin and
reduced the NADP* photoreduction in the electron transport of
photosynthesis. A secondary and less severe inhibitory effect of
copper is in photosystem II (PSII) between the oxidising side of
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the reaction centre of PSII and the electron-donating site of DPC.

Rai etal. (1991) suggested, in a study on the toxicity of Hg and
Zn to C. vulgaris, that Hg has a greater toxic potential than Zn. Its
great penetration cipacity into the thylakoid membrane, and
multiple binding wi h the electron transport system coupled with
ATP generation see ns to be the major cause for the inhibition of
electron transport, hotophosphorylation and thus all biological
activities. They alsc pointed out that PSII was the primary site of
action of Hg in C. vulgaris. Hg, Cu and Cd impair the electron
transport system b:cause of impairment of ATP production,
which is needed in the Calvin cycle. Thus overall cell metabolism
is influenced and, thzrefore, Oz-production is affected. This chain
of events would po:sibly apply to all eucaryotic algae.

At EC,, and EC,, levels the response of S. capricornutum
and C. vulgaris to a razine toxicity is contrary to the response as
determined at the EC, level (Table 2). Chlorella vulgaris is more
sensitive than S. ca ricornutum to high atrazine concentrations,
but S. capricornutur1is more sensitive than C. vulgaris atthe EC |
level. The drastic inhibition of photosynthesis substantiates the
evidence that the Hi 1reaction (PSII) is inhibited by atrazine. The
inhibition by atrazine is similar to that by DCMU according to
Singh et al. (1983).

The chemical characteristics of the algal growth medium
might be an import:nt determining factor of toxicity thresholds.
Turbak et al. (198€) reported an EC,; value from Oz-evolution
assays of 69.7 ug¢' and when using natural water samples as
growth medium an EC_j of 854 pg¢' was obtained for atrazine
with 8. capricornuium as test organism. Our results gave an
EC,, of 222 pgd' for S. capricornutum and 305 pgt! for
C. vulgaris. These results support observed variances obtained
by different laborat sries with identical test organisms and using
different methods (Nyholm and Killqvist, 1989).

Gusathion had 1o effect on the photosynthetic rates of either
test organisms. Th: reason for this is possibly that gusathion is
an organophosphate and it is known that organophosphates could
be utilised as phosy hate source by algae. Phenols are toxic due
to their oxidation to the corresponding quinones, which can
readily oxidize sulp1ydryl groups on enzymes, thereby disrupting
the normal oxidation-reduction balance in algae (Hanchey-Bauer,
1978). Selenastrum capricornutum was almost twice as sensitive
towards phenol that was C. vulgaris as can be seen from Table 2.
No related data cou d be found to compare our data with in order
to compare the results of our method with those using other
methods.



The major disadvantage of the oxygen-evolution method, as
it was applied in our tests, is that it measures only one part (PSII
activity) of one metabolic process, namely photosynthesis, rather
than growth which can be considered the result of numerous
metabolic processes. The primary advantage of the rapid O,-
measurements, however, is that it allows for the determination of
photosynthetic rates using small samples (15 m{) and results
could be obtained within 5 min, after the chamber and sample had
been stabilised. For PSII system herbicides, such as atrazine,
DCMU and many other, the O,-evolution measurement is very
practical.
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